Abstract Rare earth elements such as neodymium and samarium are ideal for probing the neutron environment that spent nuclear fuels are exposed to in nuclear reactors. The large number of stable isotopes can provide distinct isotopic signatures for differentiating the source material for nuclear forensic investigations. The rare-earth elements were isolated from the high activity fuel matrix via ion exchange chromatography in a shielded cell. The individual elements were then separated using cation exchange chromatography. The neodymium and samarium aliquots were analyzed via MC-ICP-MS, resulting in isotopic compositions with a precision of 0.01-0.3%.
Introduction
Two types of high-profile nuclear materials in the field of nuclear forensics are pre-detonation and post-detonation nuclear material. Pre-detonation materials can vary in composition and complexity from uranium ores to spent nuclear material. Spent nuclear material represents a unique security concern as it can be used directly in a radiological dispersion device and it still contains significant amounts of unreacted 235 U. Nuclear fuel from material test reactors (MTR), a subclass of research reactors, operated with highly enriched 235 U (HEU) fuels, in some cases up to 93%, until the 1970s when in response to growing security concerns the research reactors were converted to low-enriched fuel (LEU) with enrichments on the order of 20% [1] . With their large amount of fissile material and radioactivity, spent nuclear fuels represent high-profile targets for illicit activities. Methods capable of determining an interdicted fuel rod's provenance and host-reactor's operating characteristics are required should spent nuclear fuel provenance ever be questioned [2] .
During neutron induced fission of 235 U and 239 Pu various rare earth elements (e.g., La-Dy) are produced on the high-mass tail of the fission curve. Of these elements, Nd, Sm, and Gd have multiple stable isotopes and are produced in measureable quantities in non-natural isotopic abundances [3] . These elements also have isotopes that have large ([1000b) thermal neutron capture cross sections, resulting in one-mass heavier isotopes that have negligible (B1b) capture cross sections. Consequently, depletion occurs in the large capture cross section isotopes and enrichment occurs in the low capture cross section isotopes that are proportional to the total neutron fluence the isotopes have been experienced. Therefore, the absolute and relative isotopic abundances of Nd, Sm, and Gd can provide important information regarding the type of fissile material powering a chain reaction along with details about the neutron environment inside the reactor.
In prior studies Nd, Sm, and Gd isotopic composition in spent nuclear fuel have been analyzed using high-performance liquid chromatography (HPLC) and ion exchange systems coupled to multi-collector inductively coupled mass spectrometers (MC-ICP-MS) [4] [5] [6] to separate the individual elements. However, both methods require dedicated instrumentation at least partially contained in a glovebox to perform the separations, which can be logistically challenging. Other studies [7, 8] have used column chromatography to analyze spent nuclear fuel from pressurized water reactors, which use fuels that are typically enriched to *2-5% 235 U. This study presents a simplified method for separating Nd and Sm from spent nuclear fuel using a series of cation exchange chromatographic separations optimized for high-dose remote handling situations allowing subsequent chemistry and analyses to be performed outside of high-dose environments. The short-lived radionuclides were removed using chromatographic columns in a shielded cell [9] prior to sample removal. Chromatographic purification of Nd and Sm were conducted in a radiological hood before being analyzed using multi-collector inductively coupled plasma mass spectrometry. Spent fuels and reference materials (BHVO-2G, a powdered basalt) were treated with the same column chemistry, which enabled the reference materials to serve as a control for mass fractionation correction. The Nd and Sm isotopic compositions of three spent fuels are compared to determine if specific reactor characteristics can be distinguished.
Materials and methods

Fuel rod sampling and lanthanoid separation
Three MTR spent nuclear fuel assemblies were sampled individually in 2009, 2010, and 2011 (here on referred to as A, B, and C, respectively) at the Savannah River National Laboratory (SRNL) Shielded Cells Facility. Declared initial and spent 235 U enrichments for each assembly are listed in Table 1 . During each sampling event, the individual fuel assembly was placed into a containment device inside a shielded cell. The containment device ensured that no cross contamination occurred between the shielded cells environments and the fuel assemblies. The spent fuel assemblies from the MTR consisted of multiple plates of uranium fuel spatially separated from one another and incased in aluminum cladding. Five to six core samples were excised evenly down the length of the fuel rod, with only top fuel plate being sampled. The sampling process provided sufficient mass of material to obtain representative compositional analyses along the length of the fuel rod while minimizing the radioactivity of the processed solution. The extracted material had an average weight of approximately *1.5 g total with *0.2 g consisting of the uranium fuel and the rest consisting of the Al-cladding material.
The sampled fuels were completely dissolved in 100 mL of 50% (v/v) aqua regia. Procedural blanks were prepared in the containment device for each fuel rod sampling event, resulting in three blanks labeled Blank A, Blank B, and Blank C with letters identifying the containment device from which the fuel rod was sampled. These blank solutions were treated identically to the fuel samples and their concentrations and isotopic abundances are reported along with that of the fuel rods.
All acids (alpha-hydroxyisobutyric, HCl and HNO 3 ) used in this work were either purchased (99.99% grade Optima, Fisher Scientific, Pittsburgh, PA, U.S.A.) or purified using a triple-distillation process in-house at the University of Maryland (UMD), along with 18 MX water, which was used for dilutions and chemistry. Prior to use, the chromatographic resins (AG-50 W 98 200-400 mesh) were cleaned with 6 M HCl and 18 MX water rinses. All sample fractions were collected in acid-leached Teflon containers and standard reference material chemistry was performed in a class-100 clean laboratory in the Department of Geology at UMD.
The lanthanoids were isolated and individually separated similarly to methods developed for the analysis of trinitite and samples from Oklo [10, 11] . Lanthanoid separations for samples and blanks A-C were performed in the Shielded Cells Facility at SRNL without the use of a containment device. An aliquot of the 100 mL fuel and blank solutions was transferred to a scintillation vial premarked at the 4 mL volume level. These vials were dried down overnight in an oven at 70°C and then diluted with 2 mL of 2.0 M HCl. The lanthanoids were separated from the highly-radioactive fission products (primarily 137 Cs and 90 Sr and their daughters due to significant time between discharge and analysis), uranium, plutonium, and the aluminum-rich matrix using approximately 60 mL of cleaned cation resin contained in 10 cm x 1.5 cm plastic columns (Environmental Express R1020) and pre-conditioned with 2.0 M HCl. The nominal capacity of the resin is 1.7 meq mL -1 while the samples consisted of approximately 3.8 meq of cations, with the majority consisting of Al 3? . After loading the samples onto the columns, the resin was washed with 60 mL of 2.0 M HCl followed by 15 mL of H 2 O and 50 mL of 2.0 M HNO 3 . The lanthanoids were eluted and collected with 50 mL of 4.0 M HNO 3 . The resulting solution enriched in lanthanoids was removed from the Shielded Cells Facility and analyzed using gamma-ray spectroscopy to verify removal of high-activity fission products.
Aliquots of each 50 mL solution (1 mL each, except for sample A where only 0.1 mL was taken due to the higher total activity of the lanthanoids) were shipped to UMD for separation of the individual lanthanoids. This separation, which was carried out in a vented laminar flow hood certified for radioactive materials, involved the use of AG-50 W 98 200-400 mesh resin in the NH 4 ? form loaded into a 0.3 cm 9 28 cm quartz glass column (7.92 mL of resin) and alpha-hydroxyisobutyric acid (a-HIBA) in three strengths 0.15, 0.225, and 0.53 M all buffered to pH 4.7 using NH 4 OH [10] [11] [12] .
The aliquots were dried and reconstituted in 0.2 mL of 0.15 M a-HIBA and loaded onto the columns. Following an 8 mL wash of 0.15 M a-HIBA, the Gd cut was collected in 4.25 mL of 0.15 M a-HIBA. A subsequent 8 mL wash of 0.15 M a-HIBA removed most of the Eu, with the lighter lanthanoids later collected in 10 mL of 0.53 M a-HIBA. The column was then sequentially treated with 6 M HCl, 18 MX H 2 O, 7 M NH 4 OH, and equilibrated with 0.225 M a-HIBA. The 10 mL aliquot containing the lighter lanthanoids was dried down and the a-HIBA digested using aqua regia. The remaining material was reconstituted in 0.2 mL 0.225 M of a-HIBA and loaded onto the re-equilibrated column. The column was washed with 3 mL of 0.225 M of a-HIBA. Sm was recovered with 3.75 mL of 0.225 M of a-HIBA. The column was washed with 9 mL of 0.225 M of a-HIBA. Finally, Nd was collected with 4.5 mL of 0.225 M of a-HIBA. The Gd, Sm, and Nd aliquots were dried down and the a-HIBA digested using aqua regia. These final solutions were then dried down and reconstituted in 2 mL 0.8 M HNO 3 for Sm and Nd, while Gd was reconstituted in 1 mL 0.8 M HNO 3 . Aliquots of the resulting solutions of Nd and Sm were taken for MC-ICP-MS analyses while the entire 1 mL Gd solution was analyzed.
Reference materials for this work consisted of BHVO-2 (a basalt powder reference material from the USGS), a 600 ppb (g/g) solution of lanthanoids (Ce through Dy) in 2 M HCl, created via dilutions of concentrated elemental stock solutions from Alfa Aesar (referred to as UMD1), as well as a total procedure blank. Two 0.05 g samples of BHVO-2 were digested using a mixture of HNO 3 and HF with 100 lL of HClO 4 in a sealed 15 mL Teflon beaker at 180°C. The solution was then dried down and the samples were reconstituted in 6 M HCl, sealed, and heated for 24 h. This process was repeated twice and the final dry material was dissolved in 2 mL of 2 M HCl. The reference samples were processed through all chromatographic separations identically to the fuel rod solutions. In addition, a blank (UMD Blank) was prepared and treated identically to the reference samples. All separations for the reference materials and UMD Blank were performed in the clean laboratory at UMD and a schematic of the separation process is shown in Fig. 1 .
MC-ICP-MS
Isotopic analyses of Nd and Sm were conducted at the Department of Geology, UMD using a Nu Plasma MC-ICP-MS with operating parameters reported in Table 2 . The instrument was coupled to an Aridus I desolvating nebulizer with an uptake rate of 50 lL/min. The sample measurement conditions for Nd consisted of 5 blocks of 20 5-s integrations preceded and followed by a 15-second integration of the background at half a mass unit above the peak. Those for Sm included 4 blocks of 20 7-s integrations (1 s for Cycle 2) and 15-second integration for backgrounds. Gd is not reported due to the measured signal being below the quantification threshold for the fuel samples. Reasons for this will be discussed later. Instrument induced mass fractionation was corrected with the standard-sample-standard bracketing method using the UMD1 solution as the standard and the BHVO-2 samples as a quality control check to determine the accuracy of the correction method. In addition, the AMES Nd isotopic standard was diluted to give similar signal intensity as the samples which was analyzed to provide an additional QC control for Nd. For the UMD1 solutions we assumed 146 Nd/ 144 Nd = 0.7219 and 148 Sm/ 154 Sm = 0.49419 as the internal correction values [13] . Total intensity of the ion beams for samples and UMD1 deviated by no more than 15% during the analysis with total Nd and Sm intensities of *6.4 and 2.1 V, respectively, with all faraday cups having 1 9 10 11 X resistors.
A number of short-lived isobaric interferences for Nd and Sm exist in addition to naturally occurring isobars. 
Results
Chemistry yields for Nd, Sm, and Gd were calculated by comparing the total ion intensities of the UMD1 samples to stock solutions of known concentration prepared gravimetrically prior to isotopic analysis. This resulted in yields of 59 ± 4, 53 ± 10, and 43 ± 6% (2r) for Nd, Sm, and Gd respectively. Yields from BHVO-2 samples fall within these ranges with the noticeable exception of a calculated 80% yield for Gd. Concentrations for Nd and Sm in the MTR fuel solutions and their respective chemistry blank solutions contained in the Shielded Cells Facility at SRNL are presented in Table 3 . Analysis of Gd in the MTR solutions showed no detectable signal.
The isotopic abundances of Nd and Sm in the MTR fuel and BHVO-2 were corrected using the mass fractionation Nd for all of the fuel assemblies. The final abundances for Nd and Sm isotopes with the overall reproducibility, the bracketing bias, and isobaric interferences incorporated into the uncertainties are presented in Table 5 .
Discussion Yields and blanks
Chemistry blank values for the fuel rod samples are far higher than those of the chemistry blank from UMD as expected from the hot cell work. The fuel rod blanks range from 2 lg to 1 ng while the UMD blanks were between 2 and 3 pg. This difference in magnitude confirms that the separation process at UMD did not introduce a notable amount of natural lanthanoids which could have affected the isotopic signature of the fuel assemblies. Isotopic measurements of Blank A and Blank C show isotopic composition identical to their corresponding fuel samples, making it unlikely that the blanks were contaminated by legacy Savannah River Site processes that had been previously sampled in the Shielded Cells facility. The isotopic composition of Blank B was not measureable due to insufficient signal intensity for faraday cup measurements. Ion counters were not logistically practical due to concerns over residual radioactive contamination after the analyses and were not used for radioactive sample measurements. The UMD Blank, however, was measured using the ion counters and they were calculated assuming a natural isotopic composition. The similarity between the fuel rod isotopic composition and their respective blanks discredits the possibility of contamination from natural sources and instead implies that the blanks have been cross contaminated with the fuel rod material. Blank A has the highest amount of Nd and Sm while Blank B and C are approximately 10-1000 times lower. It is unclear where and how the contamination events occurred, but the contamination had no notable effect on the final reported isotopic compositions of the fuel assemblies. Based on fission yields of Gd compared to Nd and Sm, Gd should have been produced in the sample however, no detectable signal was observed for Gd. Neutron induced fission of 235 U produces *0.05% Gd and *3% Sm [3] . The concentration of Sm in the MTR samples at UMD was on the order of micrograms. Therefore, Gd should have been present in the sample at the ng level, well above the pg limit of detection when taking into account the 43% recovery. Therefore, the most probable reason for the lack of a Gd signal is a loss of the Gd cut from the second stage column. Unfortunately, operational restrictions on re-sampling the 50 mL solutions at SRNL resulted in an inability to reevaluate the procedure and determine the isotopic composition of Gd.
Another possible explanation for this low yield is that the Gd peak was eluted before or after the collection step.
The Gd cut elutes over 4 mL of 0.15 M a-HIBA so the possibility that the entire Gd peak was not collected is unlikely, especially when compared with the successful collection of Gd from the BHVO-2 samples.
Nd and Sm isotope abundances
To determine if the burn-up of 235 U has any effect on the isotopic composition of the fuel assemblies, the ratio of fuel assemblies A:B and C:B are presented in Figs. 2 and 3 with no decay corrections. In the case of Nd (Fig. 2) Nd abundances.
The graph of fuel rod A:B and C:B for Sm (Fig. 3 ) notably shows more isotopic variation between the fuel samples for Sm as compared to Nd. The cause of the fluctuations for Sm is actually a sign of contamination from natural sources on the analyzed aliquots a simple calculation was used to determine the amount of natural Sm necessary to create the same isotopic composition in the fuel assemblies assuming an initial starting point of no Sm present. The resulting blank contribution would need to be between 5 and 1500 times greater in the fuel samples than what was measured in the respective fuel blank samples. With the assumption of the 144 Sm originating solely from natural Sm, there is approximately 4(1), 5(2), and 0.7(2) lg natural Sm in fuel assemblies A, B, and C, respectively. These masses result in Sm concentrations of 3(1), 3(2), and 0.6(2) ppm in the aluminum cladding which are less than the 5 ppm the American Society for Testing and Materials (ASTM) sets for high purity Al cladding [15] . If the natural Sm came from the nuclear fuel instead of the cladding the concentrations would range between 11(3), 35(11), and 2.6(9) ppm, well above the \3 ppm total lanthanoids the ASTM sets for enriched uranium [16] . While assembly C is close to the limit, the 2.6(9) ppm value is for Sm only and it is reasonable to assume that the other lanthanoids would be present in similar quantities which would make the assembly not meet ASTM standards, therefore unlikely that the natural material came from the fuel itself.
Conclusions
A two stage separation technique involving cation exchange chromatography has successfully separated Nd and Sm from three MTR spent nuclear fuels. The isotopic abundances of Nd and Sm are distinctively non-natural and show depletions and enrichments in isotope pairs that have large cross sections for thermal neutron absorption and corresponding product nuclei with low thermal neutron absorption cross section. Signs of residual natural 144 Sm originating from the cladding of the fuel samples are observed when comparing the Sm isotopic composition between the three fuel assemblies. The isotopic composition of Nd, with the exception of 142 Nd, 143 Nd, and 144 Nd, is indistinguishable between the three nuclear fuel assemblies and is identical to predicted abundances derived from 235 U fission. Sm isotopic compositions are more varied between the fuels, which is attributed to differences in reactor neutron fluences and natural Sm contamination in the fuel cladding. Overall, the ability to isolate and analyze Nd and Sm from spent nuclear fuel using readily available materials and identified differences between three MTR spent nuclear fuels has been demonstrated.
